Background: The Hedgehog (Hh) pathway is upregulated in cervical cancer and associated with poor outcome. We explored the effects of Hh pathway inhibition in combination with RTCT in a patient derived orthotopic cervical cancer xenograft model (OCICx).
Thus, further dose intensification of chemotherapy or the addition of further cytotoxic agents in combination with radiation is not likely to be a successful strategy. There is therefore an urgent unmet need to explore the potential of combining, rationally chosen, targeted agents with RTCT for the treatment of cervical cancer.
Conducting early phase clinical trials in a potentially curable patient population poses significant ethical and regulatory challenges. Furthermore, given the wide range of potential targets and agents, it is essential that in a tumour type such as cervical cancer where there is a limited pool of potential patients, any trials pursued need to be underpinned by high-quality pre-clinical data in a relevant model. Identification of potentially druggable targets and the acquisition of pre-clinical efficacy data are essential. If we are to move into early phase frontline clinical trials, exploration of fractionated radiotherapy schedules and indicators of potential toxicity are also of key importance (Harrington et al, 2011) . The use of early passage orthotopic patient-derived cervical cancer xenograft models as developed in our Institute (OCICx) potentially allows us to achieve this, as these models recapitulate not only the metastatic behaviour of cervix cancers but also retain the tumour heterogeneity and stromal characteristics of the original tumour (Chaudary et al, 2012 (Chaudary et al, , 2015 . They afford the opportunity of studying fractionated radiotherapy and multi-dose chemotherapy regimens delivered in a manner similar to the treatment of patients in the clinic (Chaudary et al, 2011) .
The Hedgehog (Hh) signalling pathway controls cell proliferation and differentiation during embryonic development, but is largely suppressed in the adult. Emerging data support critical roles for Hh activation in carcinogenesis, promoting the cancer stem cell phenotype, epithelial to mesenchymal transition (EMT) and metastasis. Aberrant activation of the pathway occurs in several disparate tumours, including cervical cancer (Ingham and McMahon, 2001; Chaudary et al, 2012b; Justilien and Fields, 2015) . The Hh pathway has been implicated in DNA repair and its activation has been proposed as a mechanism for resistance to both chemotherapy and radiation (Meng et al, 2015) . Hh pathway activation is initiated by binding of one of the three Hh ligand proteins: Sonic hedgehog (SHH); Indian Hedgehog (IHH) or Desert Hedgehog, to Patched (PTCH1/2). In the absence of Hh ligand PTCH functions as a tumour suppressor inhibiting Smoothened (SMO). Binding of any of the three Hh ligands to PTCH relieves the suppression of SMO resulting in dissociation of a cytoplasmic inhibitory complex that targets the glioma-associated oncogene homologue GLI family of transcription factors for proteolytic cleavage (Ingham and McMahon, 2001; Hooper and Scott, 2005) . Translocation of GLI to the nucleus affects a number of cellular functions including promotion of cell cycle progression, EMT, anti-apoptotic proteins and production of vascular endothelial growth factor (VEGF) (Pasca di Magliano and Hebrok, 2003; Hooper and Scott, 2005; Shevde and Samant, 2014; Azzi et al, 2015) . Studies in a number of tumour types indicate stromal activation of Hh may be critical in tumourigenesis (Yauch et al, 2008; Meerang et al, 2016) .
Several models for Hh pathway activation in cancer have been proposed: ligand dependent, autocrine; ligand dependent, paracrine (stromal tumour interaction) or ligand independent, mutation driven (Gorlin's Syndrome; Scales and de Sauvage, 2009 ) Hh pathway activation in cancer can occur in tumour cells and/or in the stroma depending on the model and this appears to differ between tumour types (Scales and de Sauvage, 2009) .
We have previously shown, using real-time quantitative PCR (RT-PCR), that upregulation of one or more members of the Hh pathway occurs in cervical cancers compared to normal cervix tissue. We demonstrated that upregulation of SMO and of 43 of the Hh pathway members was associated with a worse recurrencefree patient survival (Chaudary et al, 2012b) . Bohr Mordhorst et al (2014) also demonstrated, using immunohistochemistry, an association between poor outcome and expression of PTCH, SMO and GLi2. The aim of the current study, using early passage orthotopic, patient-derived, cervical cancer xenograft models, was to further define the role of the Hh pathway in cervical cancer and to investigate the therapeutic potential of Hh inhibition in combination with fractionated radiation and chemotherapy.
MATERIALS AND METHODS
Orthotopic xenograft models of cervical cancer. Development, engraftment and stromal characteristics of our patient-derived, cervical cancer xenograft models (OCICx) have been previously described (Chaudary et al, 2011 (Chaudary et al, , 2012 (Chaudary et al, , 2015 . The OCICx models were developed from cervical cancer samples taken from patients (prior to definitive therapy) at Princess Margaret Cancer Centre, participating in a prospective translational research program. Patients signed consent according to a protocol approved by the University Health Network/University of Toronto Research Ethics Board. The OCICx models were grown in the cervix of NOD-SCID or (for irradiation studies) in NOD-Rag1nullIL2rgnull (NRG) immune-deprived female mice 6-8 weeks old. ME180 cells, a human cervical carcinoma cell line, were cultured in 10% fetal bovine serum in alpha MEM and donor pieces (2-3 mm 2 -generated from intramuscular tumours grown in the hind leg of a mouse) were sutured directly onto the cervix as described previously (Cairns and Hill, 2004; Chaudary et al, 2011 Chaudary et al, , 2012 Justilien and Fields, 2015) . All animal experiments were performed in accordance with institutional Animal Care Committee guidelines.
Hh gene expression in OCICx models. We have previously reported Hh gene expression in cervical cancer samples from 96 patients compared to normal tissue using qRT-PCR (10). Similarly, we used this technique to examine Hh gene expression in the OCICx models, examining both murine and human IHH, SHH, SMO, PTCH1, PTCH2, GLi1 gene expression levels. Total RNA was extracted from frozen tissue sections using the Qiagen RNeasy Mini Extraction kit (Qiagen, Mississauga) and real-time PCR was performed according to the manufacturer's instructions as previously described (Chaudary et al, 2012b) . Human L32, ribosomal protein, was used as an endogenous control for normalisation. Samples were run in triplicate for each sample and normalised against L32. All analyses were performed blinded to study end point. For gene expression studies following drug treatment ME180 tumours were treated with 5E1 for 21 days before analysis or treated with LDE225 for 7 days before analysis. In both cases treatment started at Day 9 after implant (4-5 mm).
Radiation and tumour growth delay studies. Growth delay experiments were performed on orthotopic ME180 tumours and 3 OCICx models 29, 30 and 34 (at passage 3) selected to recapitulate the different Hh expressions patterns we observed in our series of patients and to reflect tumours with differing stromal content (range of 10% in ME180 to 460% in OCICx 29), as shown in Figure 1 . The clinical status of the three cervical cancer patients, from which these xenografts models were developed, are described in Supplementary Table 1. All tumours were of squamous cell carcinoma histology and were associated with either HPV 16 or 18 infection.
Mice were imaged and irradiated using a small animal irradiator with integrated cone beam computed tomography (CBCT; X-Rad 225Cx, Precision X-ray, North Branford, CT, USA) described previously (Clarkson et al, 2011) . Following implantation in the cervix, biweekly tumour measurements were made using CBCT. The mice were randomly assigned to one of five groups when the tumours reached a diameter of 4-5 mm: control (no treatment), radiotherapy alone (15 Â 2 Gy daily fractions over 3 weeks), RTCT (same radiotherapy þ weekly cisplatin 4 mg kg À 1 intraperitoneally given within 1 h before the radiation fraction at the beginning of each week), RTCT plus Hh inhibitor (SHH IgG antibody 5E1; 20 mg kg À 1 subcutaneously weekly for 3 weeks before each radiation treatment; OICR Cancer Stem Cell Program); or SMO inhibitor (LDE225 (Sonidegib) 60 mg kg À 1 by oral gavage daily for 3 weeks; Novartis; Figure 2 ). For radiation treatment, mice were positioned in a specialised jig, imaged and adjusted to assure reproducible tumour targeting. An optimised treatment plan was used with eight circular beams equally positioned around the tumour (Supplementary Figure 1) . The X-ray tube was calibrated at 225 kVp, 13 mA (HVL: 0.93 mm Cu, added filtration: 0.3 mm Cu) following the TG-61 protocol (Ma et al, 2001 ; van Hoof et al, 2013). The radiation dose rate was B3.0 Gy min À 1 . The dose protocol for the SMO inhibitor was chosen based on previously published reports in vivo (Steg et al, 2012; O'Reilly et al, 2013) . The treatment protocol is summarised schematically in Figure 2 . Tumour size and local progression after treatment were assessed weekly using the CT imaging capability of the irradiator. Mice were killed at a primary tumour size of 1-1.5 cm. Animal weights were monitored daily during treatment and weekly after treatment until the end of the experiment (tumour regrowth). Metastatic progression to para-aortic nodes was assessed at the time that the mice were killed based on lymph node size and H&E histology.
Acute gastrointestinal toxicity. To evaluate acute gastrointestinal toxicity, a frequent side effect in patients receiving RTCT for cervical cancer, a gut colony assay was used according to the method described by Withers and Elkind (Tucker et al, 1983; Withers and Elkind, 1970) . Cisplatin and/or Hh inhibitor, at the doses given above, were given immediately before a single radiation dose of 10, 11, 12 or 14 Gy. Whole body radiation was administered with an XRAD 320 Precision Xray machine to non-tumour-bearing C57BL/6 female mice and the animals were sacrificed 3.5 days posttreatment. The jejunum was removed, flushed with PBS, fixed in formalin and stained for Ki67 (proliferation marker) to identify crypts that contained proliferating cells (n45 Ki67 positive cells) using Aperio Image Scope (Gani et al, 2015) .
Statistical analysis. The statistical significance of differences between experimental groups in the lymph node metastasis data and 5E1 and LDE225 Hh gene expression levels relative to control were analysed using one-way ANOVA with Newman-Keuls Multiple Comparison test (Graph-Pad 5 Software). Results with a P-valueo0.05 were considered statistically different. For the growth delay experiments, the time for the tumour to double relative to the size at initiation of radiation treatment was determined. These time points were compared between treatments using a nonparametric test: Kruskal-Wallis for the comparisons between all five treatments and Mann-Whitney for the comparisons between the groups.
RESULTS
Hh gene expression in cervical cancer xenografts reflects expression seen in patient samples. Varying levels of human Hh ligand and receptor expression, IHH, SHH, SMO, PTCH1, PTCH2, GLi1, were observed in the OCICx models as they had been in the primary tumours. Murine Hh gene expression was measured in addition to human Hh gene expression ( Figure 1A ) and was found to be more marked in the OCICX models compared to the ME180 orthotopic xenograft model, which has low stromal content ( Figure 1B ). The murine Hh gene expression levels reflected the higher stromal content of the OCICx models as assessed by histology. We selected 3 OCICx models (29, 30 and 34), which varied in stromal content in addition to the cervical cell line ME180 for further study ( Figure 1B ). We observed that treatment with 5E1 and LDE225 (independently) reduced human Hh gene expression in ME180 tumours (Figure 3 ).
SHH inhibition via 5E1 antibody in combination with RTCT resulted in tumour growth delay and reduced metastasis in OCICx models. Tumour growth delay studies with the SHH inhibitor, 5E1, were conducted in ME180, OCICx 30, and OCICx 34 models (Figure 4 ; Supplementary Table 2 ). There was no benefit of 5E1 alone compared to untreated (control) tumours in any of the tumour models. The results with the ME180 cell line xenografts did not demonstrate any benefit from the addition of 5E1 to RTCT (P ¼ 0.8). However, in the OCICx models, the addition of 5E1 to RTCT resulted in greater tumour growth delay (P ¼ 0.029 for both) and prolonged survival compared with RTCT alone. The combination of 5E1 with RTCT also resulted in a reduction in the metastatic burden in para-aortic lymph nodes ( Figure 4B ) compared with RTCT alone in both the OCICx 30 (Po0.01) and OCICx 34 (Po0.001) models. The ME 180 tumour showed a similar trend.
SMO inhibition via LDE225 (Sonidegib) in combination with RTCT resulted in tumour growth delay and reduced metastasis.
Tumour growth delay studies with the SMO inhibitor, LDE225 (Sonidegib), were conducted in OCICx 29, and OCICx 34 models ( Figure 5 ). The control and LDE225 (drug alone) showed no difference in tumour growth. The addition of LDE225 to RTCT resulted in significant tumour growth delay (P ¼ 0.029) and improved animal survival in OCICx 29 but, although there was a trend for a similar effect in OCICx 34, it was not statistical significant (Supplementary Table 2 ). The tumours decreased in volume post the 3 week treatment however the regrowth time varied for the two models. The OCICx 34 xenografts initially regrew more rapidly compared to the OCICx 29 xenografts in the RTCT þ LDE225 treatment arm, although their growth slowed as they became larger. A significantly reduced metastatic burden in para-aortic lymph nodes was also observed with the addition of LDE225 to RTCT in model OCICx 29 (Po0.001) but not in OCICx 34 ( Figure 5 ).
Inhibition of the Hedgehog pathway in combination with fractionated radiation and concurrent cisplatin does not result in increased acute gastrointestinal toxicity. The addition of either 5E1 or LDE225 to RTCT did not cause increased weight loss post treatment compared with RTCT alone. There was a slight reduction in weight during treatment but the weights recovered well afterwards in both models (data not shown). A pathologist (M Larson, Mbed Pathology) examined normal organs adjacent to the irradiated volume (rectum, small bowel, bladder) for toxicity. There was no gross or microscopic (H&E sections) evidence of excessive injury with the addition of either 5E1 or LDE225 to RTCT alone. The potential toxicity of LDE225 or 5E1 and the combination of drug with RTCT was also assessed using an acute gut colony assay (Tucker et al, 1983; Withers and Elkind, 1970) . The effects of treatment on gut toxicity were evaluated using single dose irradiation (10-14 Gy) to the whole mouse with concurrent cisplatin (4 mg kg À 1 ) combined with either 5E1 or LDE225. The number of regenerating crypts in the jejunum was assessed 3.5 days after treatment to determine survival curves. As shown in Figure 6 , neither 5E1 nor LDE225 administered alone caused detectable loss of proliferating crypts. The combination of RT and cisplatin produced significantly greater crypt loss than RT alone. The addition of either 5E1 or LDE225 to RTCT and or RT alone appeared to have a protective effect on crypt cell survival (Po0.001 for both drugs) after a large single dose of 14 Gy.
DISCUSSION
We have previously demonstrated Hh pathway upregulation in tumours taken from patients with cervical cancer compared with normal cervical tissue (Chaudary et al, 2012b) . Our data, and that of others, have shown that increased expression of Hh pathway members before definitive RTCT is associated with poor outcome (Chaudary et al, 2012b; Bohr Mordhorst et al, 2014) . Here we explored the Hh pathway in the context of a unique orthotopic, patient-derived cervical cancer pre-clinical model that exhibits the stromal characteristics and metastatic behaviour of cervical cancer in the clinic (Chaudary et al, 2011 (Chaudary et al, , 2012b . The OCICx models recapitulated the increased expression of the Hh pathway seen in the patient samples and were chosen to reflect a range of stromal content and levels of HH expression. Both mouse and human Hh gene expression in the OCICx models was observed. This suggests the possibility of a ligand dependent, paracrine model of Hh pathway activation in cervical cancer as in the OCICx models stroma tends to be murine rather than of human origin unlike the tumour cells. In the ME180 cell line orthotopic xenograft model, increased Hh pathway expression was predominantly human in keeping with the very low stromal content (Figure 1 ). Using our OCICx models we were able to deliver fractionated radiotherapy and weekly doses of cisplatin (RTCT) in a schedule that mimics treatment delivered in the clinic. When the Hh inhibitors, 5E1 or LDE225, were combined with RTCT there was delayed tumour growth, prolonged survival of the animals and a reduction in lymph node metastases at time of killing. Furthermore, no additive acute toxicity was observed for the combination of Hedgehog inhibition with RTCT suggesting that this may be well tolerated in patients. Most xenograft models of cervical cancer have been developed using commercially available cell lines that have limitations, notably poor correlation between the biological characteristics of a tumour in a patient and the corresponding cell line because of genetic instability and multiple passaging (Whatcott et al, 2015) . Commercially available cell lines when grown in mice may not adequately represent clinical characteristics or the behaviour of human tumours (Hidalgo et al, 2014; Boone et al, 2015) . The establishment of patient-derived cervical cancer xenograft models utilising samples taken from patients before treatment potentially addresses some of these concerns. Most xenograft models are generated by subcutaneously implantation, as the accessibility of this site contributes to the relative ease of developing and testing novel agents. However, in these models the microenvironment of subcutaneous, or intraperitoneal, murine models may not reflect that of the original tumour (John et al, 2011) . Recapitulation of the original tumour microenvironment has a greater likelihood Time ( of occurring in orthotopic models. We have previously demonstrated that our OCICx models show a relatively stable retention of the original tumour characteristics including stromal content and tumour heterogeneity (Chaudary et al, 2011 (Chaudary et al, , 2012b (Chaudary et al, , 2015 . Recapitulation of the tumour microenvironment is of particular importance when investigating potentially druggable pathways that affect the tumour microenvironment, such as the Hedgehog inhibitors. This can be seen when comparing gene expression, stromal content and ultimately the response to treatment between OCICx models and the ME180 cell line xenografts. Stromal content is low in ME180 and is not representative of that seen in patient samples or in some of the primary xenografts. OCICx 34, which has the lowest stromal content (20%) of the patient derived models, showed limited response after RTCT þ LDE225 and there was no reduction in lymph node metastases compared with RTCT alone, in contrast to OCIC 29 with higher stromal content. These differences in tumour response to Hh inhibition may link directly to differences in stromal content or potentially differential expression of the Hh pathway components. Stromal content combined with Hh expression within the tumour could be explored as a predictor of response in the clinical setting. One limitation of this model, however, is that the mice used are, of necessity, immune incompetent. Data suggest that the Hh pathway may play a role in regulating T cell response (Hanna and Shevde, 2016) and this effect would not be captured by our model.
Inhibition of Hh has been a successful therapeutic strategy in basal cell carcinoma, which exhibits ligand independent activation of the Hh pathway secondary to an activating mutation (BassetSeguin et al, 2015) . In other tumours, which do not obviously exhibit ligand-independent activation, targeting the Hh pathway has met with less success. Initially, targeting the Hh pathway was felt to be a promising option for the treatment of pancreatic cancer where upregulation of SHH has been reported in over 70% of tumours. In pancreatic cancer, as in cervical cancer, a ligand dependent paracrine mechanism appears to be responsible for activation of the Hh pathway (Onishi and Katano, 2014) . In 2008, Olive et al (2009) studied the effect of IPI-926 (a SMO inhibitor) in a pancreatic cancer pre-clinical model. They provided proof-ofprinciple that inhibition of the Hh pathway could disrupt the desmoplastic stroma, facilitating the delivery and enhancing the efficacy of chemotherapy. This led to a number of clinical trials in this disease. While early indications of efficacy from phase I studies were promising, data from the phase II study (NCT01130142) suggested a worse outcome for patients treated with the combination of Hh inhibitor and chemotherapy (Ko et al, 2016) . Rhim et al (2009) explored this paradox in a mouse model showing that chronic depletion of Hh activity either as a result of deletion of SHH or prolonged administration of a Hh inhibitor resulted in accelerated tumour growth, more macrometastatic disease and shorter survival times. Clearly in pancreas cancer the dose and scheduling in the pre-clinical models was critical for understanding the potential outcome in the clinical study. A number of theories have been proposed to explain this effect. Chronic depletion of Hh, may lead to remodelling of the stroma to such an extent that it removes a constraint to tumour growth; whilst a second theory proposes that the stage of the tumour and the context of the treatment may be critical to the efficacy of Hh inhibition (Olive et al, 2009; Rhim et al, 2009) . Differences in stromal content between the primary tumour and metastatic deposits may impact the potential efficacy of Hh inhibition. The lower stromal content observed in some metastases compared to the primary tumour may limit the efficacy of Hh inhibition in advanced or metastatic disease (Whatcott et al, 2015) . Considering these issues in the context of our pre-clinical cervical cancer experiments, we added short term treatment of earlier, potentially curable, disease may have a greater chance of success going forward into the clinic. Emerging data on the relationship between DNA repair and the Hh pathway suggests that inhibition of the activity of GLI can interfere with almost all types of DNA repair in human cancer, indicating that Hh/GLI functions may play an important role in enabling tumour cells to survive types of DNA damage induced by RTCT (Meng et al, 2015) . GLI1 also plays a pivotal role in cellular accumulation of cisplatin in cisplatin-resistant A2780-CP70 human ovarian cancer cells (Amable et al, 2014) . Pretreatment of the cisplatin-resistant human ovarian cancer cell line A2780-CP70 with anti-GLI1 shRNA resulted in supra-additive cell killing with cisplatin. We have previously shown that precision irradiation in oesophageal PDX models increases Hh gene expression with PTCH1,2 and GLI1 upregulated in the stroma (Teichman, 2012) . Our pre-clinical data supports the cell line and mechanistic studies in terms of the potential for additive benefit from combining Hh inhibition with RTCT.
The availability of image-guided small animal irradiator technology meant that the orthotopic, primary mouse xenograft models could be treated with fractionated radiation alone and in combination with weekly cisplatin chemotherapy in a manner that mimics clinical regimens (Chaudary et al, 2014) . This allowed us to not only study the efficacy of combination but also to evaluate infield toxicity (both early and late effects). This is highly relevant especially if we are to consider early phase clinical trials in the frontline, curative setting . Our data suggest that the combination of RTCT with Hedgehog inhibition is likely to be well tolerated. Moving this into a clinical trial would require development of an early phase protocol involving a high risk population and incorporating high quality translational studies. The pre-clinical data presented here is limited to 4 models, however, they suggest that stromal content may be a potential predictive biomarker and investigation in an unselected trial population would allow further study of this possibility. Interactions with hypoxia and non-classical Hh pathway activation would also need to be considered.
In conclusion, this study, using the unique OCICx primary xenograft cervical cancer models, demonstrates that the combination of Hh inhibition with RTCT can induce tumour growth delay that persists weeks after the end of treatment and reduces lymph node metastases compared to RTCT alone. This is a potentially attractive strategy to develop in the clinic for the treatment of cervical cancer. Radiation treatment dose (Gy) % survival (mean±s.e.m.)
Ki67 positive crypts Figure 6 . Acute gut toxicity with Hh treatment. Gut colony assay for acute toxicity with Cisplatin and/or Hh (5E1 or LDE225) was given immediately prior to radiation at doses of 10, 11, 12, 14 Gy. Whole body radiation was administered in non-tumour bearing NRG female mice and the animals were sacrificed 3.5 days post treatment. The mean values plotted (6 gut crypts per mouse; n ¼ 4-5 mice per treatment group) are per cent survival of Ki-67 (proliferation marker), by immunohistochemistry, positive gut crypts that contain proliferating cells. * indicates significance of Po0.05 relative to Control within each radiation dose, ** indicates significance relative to rad þ cis.^indicates significance between the 14 Gy radiation dose compared to 10-12 Gy doses.
